Manipulation of spin dephasing in InAs quantum wires 
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The spin dephasing due to the Rashba spin-orbit coupling, especially its dependence on the 
direction of the electric field is studied in InAs quantum wire. We find that the spin dephasing 
is strongly affected by the angle of Rashba effective magnetic field and the applied magnetic field. 
The nonlinearity in spin dephasing time versus the direction of the electric field shows a potential 
revenue to manipulate the spin lifetime in spintronic device. Moreover, we figure out a quantity that 
can well represent the inhomogeneous broadening of the system which may help us to understand 
the many-body spin dephasing due to the Rashba effect. 



PACS: 75.70.Ak, 73.40.Gk, 72.10.Di, 73.50.Bk 

Since Datta and Das proposed a new type of electronic 
transistor that utilizes the electron spin freedom, 1 many 
efforts have been devoted to the realization of the spin- 
tronic devices. 2-4 As the function of these devices rely 
on the spin coherence, the key to realize these devices is 
to manipulate the spin coherence. The confined narrow 
band gap semiconductor systems such as quantum well 
and quantum wire are proposed to be good candidates 
for spintronic devices as the electron spin precession in 
these systems can be easily tuned by external gate volt- 
ages through the Rashba effect 5 which states that the 
spin-orbit coupling is proportional to the applied and/or 
interface electric field. In quantum wells, the direction 
of electric field (DOEF) is always perpendicular to the 
interface. Therefore the manipulation of the spin coher- 
ence can only be realized through the magnitude of the 
electric field. While in quantum wire, both the direction 
and the magnitude of the electric field can be tuned by 
the external gate voltages. This provides one more degree 
of freedom to manipulate the spin coherence by alerting 
the DOEF. Here we demonstrate the possibility of using 
this additional degree of freedom to realize the manipu- 
lation of spin coherence in n-typed InAs quantum wire 
by calculating the dependence of the spin dephasing time 
(SDT) with the DOEF for different spin configurations. 

It is known that for high temperature the spin dephas- 
ing magnetism for low dimensional n-typed InAs is due 
to the Rashba effect. 5 We note here that the Rashba ef- 
fect provides two spin dephasing channels: The first one 
is the effective spin-flip (SF) scattering caused by the 
anisotropy of the Rashba term and the spin conserving 
(SC) scattering. This dephasing effect has been widely 
discussed in the literature. The second one is a newly 
proposed many-body effect which is caused by the intrin- 
sic inhomogeneous broadening {i.e. fc-dependence) from 
the Rashba term itself together with the SC scattering. 



Our previous works have shown that this many-body ef- 
fect plays important, sometimes dominant, role in spin 
dephasing 6-10 as well as in spin transport. 11,12 In this 
paper, we apply the many-body kinetic theory developed 
in our previous papers 13,8-10 to study the spin dephasing 
in InAs quantum wire (QW) and show the feasibility of 
the manipulation of the spin coherence through chang- 
ing the DOEF. Moreover, through changing the DOEF 
we are able to change the Rashba term and thus the 
inhomogeneous broadening alone while keeping the SC 
scattering unchanged. In this paper, we are going to 
have the inhomogeneous broadening quantified for the 
first time and show how the many-body spin dephasing 
depends on the inhomogeneous broadening. 

The QW system we study is an InAs nano-structure 
confined by square potential wells with width a in both 
perpendicular directions. In this system, the electron 
state is characterized by two subband indexes n\ and ni 
which stand for the quantum number of two confined di- 
rection respectively, the ID momentum k along the wire 
together with a spin index a . In the present paper, we 
only consider the electron density that the subband sep- 
aration is large enough so that only the lowest subband 
is populated and the transition to the upper subband is 
negligible. Therefore, we need only consider the subband 
with n\ = n% = 1, and drop the subband index conse- 
quently. In this study, the spin quantization direction is 
chosen to be z-axis. A moderate magnetic field is ap- 
plied along the x-axis. Taking account of the Rashba 
effect, the electrons experience an additional wavevector 
dependent effective magnetic field 



h(k) = a E x k , 



(1) 



where ao is the Rashba spin-orbit parameter and E is the 
interface electric field. It is note that this electric field 
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can be tuned by the gate voltages on both confined direc- 
tions. Therefore, both the magnitude and the direction 
of this electric field can be tuned in the plane perpendicu- 
lar to the wire. Under the two special configurations (see 
Fig.l) we study, the electric field and the Rashba effective 
magnetic field (REMF) are: (i) E = (E sin 9, E cos 9, 0), 
h(fc) = aEk(cos 9, — sin 6*, 0) for the first configuration 
where the axis of QW is laid along z-direction; and (ii) 
E = (0,Ecos6,Esm6), h(fc) = akE(0 7 - sin 9, cos 9) for 
the second configuration where the axis of QW is laid 
along the ^-direction respectively. Here 9 is the angle 
between the electric field and the j/-axis. In configuration 
(i) it is also the angle between the REMF and the AMF. 
The interaction Hamiltonian Hj is composed of Coulomb 
interaction H ee , electron-phonon interaction H p h, as well 
as electron- impurity scattering Hi . Their expressions can 
be found in textbooks. 14:15 
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FIG. 1. The two special configurations we study, (i) the 
axis of the QW is laid along the z direction; (ii) the axis of 
the QW is laid along the x direction. 

We construct the kinetic Bloch equations by the 
nonequilibrium Green function method 14 as follows: 



Pk.crcr' - Pk.crcr'lcoh + PV<t<t' IsCatt 



(2) 



Here pk represents the single particle density matrix. 
The diagonal elements describe the electron distribution 
functions pk,<j<j = /k<r- While the off-diagonal elements 
p k i_i = /?k are the inter-spin-band polarizations (co- 
herence) of the spin coherence. 16 Note that p k _i i = 
P k i-i =Pk- 

The coherent part of the kinetic equations for the elec- 
tron distribution function and the spin coherence are 

fkAcoh = -2alm[p k (R kA1 - ^gp B B - ^ V q p* k _ q )], 



(3) 



and 



Pk\coh = -i[(i2fc,fT - Rkdl - J! V l(fk-qA - fk-q,l))Pk 

1 

+ {Rk,n - ^spbB - v q Pk- q {fk] - fkl)] (4) 



In these equations, the terms with Rk.aa' come from the 
Rashba term, and Rk,a-a-' = ~ a Ek8 a _ a > {sin 9 + ia cos 9} 
for configuration (i) and Rk,aa' = (%i)Ek{5 aa > cos 9 + 
z^cr-cr/ sin 9} for configuration (ii). While the term with 
V q is the contribution of the electron-electron interac- 
tion up to HF approximation with V q denotes the ID 
Coulomb matrix element under static screening. The 
scattering term ^f-\ sca tt an d ^^Mscatt are listed detail 
in Refs. 8-10, and will not be repeated here. 
The initial conditions at t = are taken as: 



Pk|t=o = 

jw|t=o = l/{exp[(e k 



p a )/k B T] + l} 



(5) 
(6) 



where p a is the chemical potential for spin a. The con- 
dition pi ^ p_i gives rise to the imbalance of the elec- 
tron densities of the two spin bands. Eqs. (2) through 
(4) together with the initial conditions Eqs. (5) and (6) 
comprise the complete set of kinetic Bloch equations of 
our investigation. 
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FIG. 2. The spin dephasing time vs. the angle of the in- 
terface electric field and j/-axis for configuration (i) shown in 
Fig. 1 under different magnetic field: (■) B=0.5 T; (•) B=2 T; 
(A) and B=4 T. The inset shows the standard deviation of 
the magnetic field the electron surfers. 

By numerically solving the kinetic Bloch Eqs (2) and 
the initial condition (5) and (6), we are able to get the 
temporal evolution of the electron distribution function 
and the spin coherence self-consistently. As discussed in 
the previous papers, 16,17 irreversible spin dephasing can 
be well defined by the slope of the envelope of the inco- 
herently summed spin coherence p{t) = ^2 k |pk|- In this 
way, we obtain the SDT which is defined as the inverse 
of the decay rate of the envelope of p{t). 

We calculate the SDT in an InAs QW under two config- 
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urations shown in Fig. 1 at temperature T = 150 K. With 
this relative high temperature we only need to consider 
the electron-longitudinal optical phonon, the electron- 
impurity and the electron-electron Coulomb scattering. 
In the calculation the interface electric field E, the den- 
sity of the electron N e , the well widths of the QW 
a and the density of the impurities are chosen to be 
1.4 x 10 4 V/cm, 5.3 x 10 16 cm' 3 , 15 nm and respec- 
tively. The Rashba spin-orbit parameter ag is 11(M 218 , 
and the other material parameters are cited from Rcf. 19. 
By changing the direction of the electron field we are able 
to change the direction of the REMF. For configuration 
(i), by changing the DOEF, the angle between the AMF 
and REMF can be changed but both the AMF and the 
REMF are perpendicular to the spin polarization. While 
for configuration (ii), when the direction of the DOEF 
changes, the REMF is always normal to the AMF but 
the angle between the REMF and the spin polarization 
changes. With the different relative directions between 
the AMF, the REMF and the spin polarization, one may 
expect that the manipulation of the spin dephasing via 
the DOEF can be quite different under different config- 
urations. 
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FIG. 3. The spin dephasing time vs. the angle of the in- 
terface electric field and y-axis for configuration (ii) shown in 
Fig. 1 under different magnetic field: (■) B=0.5 T; (•) B=2 T; 
(A) and B=4 T. The inset shows the standard deviation of 
the magnetic field the electron surfers. 

Our results are plotted as functions of the angle 8 under 
different AMF's in Figs. 2 and 3 for the two special con- 
figurations. One notices that for configuration (i) when 
the REMF is parallel to the AMF, i.e. 9 = 0, the SDT 
is insensitive to the magnetic field. Moreover, the SDT 
is also insensitive to 9 when it is smaller than 60°. After 
that, SDT gets a rapid increase as 9 increases for all of 



the AMF we study. For example when B = 2 T, the 
SDT at 6 = 90° is 3 times higher than that at 6 = 60°. 
The larger the AMF, the faster the SDT increases with 
9. As a result, the SDT increases with the AMF when 
the REMF is near the normal of the AMF. However, the 
result of the configuration (ii) is quite different: Here 
the SDT is independent on the DOEF under a moder- 
ate AMF. Nevertheless, it is noted that the SDT also 
increases with the AMF and the value is equal to the 
corresponding one in configuration (i) when the REMF 
is normal to the spin polarization, ie., 9 = 90°. 

The DOEF dependence of spin dephasing can be un- 
derstood from the many-body point of view. Besides 
the single particle spin dephasing due to the effective 
SF scattering, Rashba effect also provides an additional 
many-body spin dephasing channel through its inherit 
inhomogeneous broadening. It has been pointed out be- 
fore the inhomogeneous broadening together with the SC 
scattering provides an irreversible spin dephasing. In the 
present case, the inhomogeneous broadening can be cal- 
culated as follows: The electrons in QW undergo the 
Larmor precession around the magnetic field composed 
of the AMF and the REMF. As the REMF is wavevec- 
tor dependent, the frequency and the direction of the 
Larmor precession differs between electrons with differ- 
ent wavevectors. This is the origin of the inhomogeneous 
broadening. Therefore, one can expect that the inhomo- 
geneous broadening of the frequency of Larmor preces- 
sion may somehow reflect the spin dephasing due to the 
inhomogeneous broadening. Starting from this point, we 
carry out the corresponding standard deviation A of the 
Larmor frequencies: 

A 2 = ((gUBB + a E k cos (f) 2 + (a E k sin (f) 2 ) 

- (y/(gii B B + a E k cos <j>) 2 + {a Q E k sin <£) 2 ) 2 (7) 

with <j> denoting the angle between B and h(k). In con- 
figuration (i), <f) is 9 and in configuration (ii) <f) is always 
90°. (• • •) represents the average over the imbalance of 
the spin-up and spin-down electrons: 



(A(k)) 



Jdk (f k1 -f kl )A(k) 
Jdk (/ feT - f kl ) 



(8) 



In the inset of Figs. 2 and 3, 1/A is plotted as a func- 
tion of the <fi (#) for two configurations. One can easily 
see that the 1 / A-9 curve is much similar to the t-9 curve: 
For configuration (i), 1/A is insensitive to the DOEF and 
the AMF when 9 < 60°. When 9 > 60°, 1/A increases 
rapidly with both the AMF and 9; For configuration (ii), 
1/A does not depend on DOEF, and its value equals the 
corresponding one in configuration (i) with the REMF 
being perpendicular to the AMF. 

From the correspondence between the t-9 curves and 
the l/A-9 curves one can conclude that the spin dephas- 
ing in the QW we study is determined by the inhomo- 
geneous broadening. With the l/A-9 curve, it is easy 
to understand the AMF dependence and the DOEF de- 
pendence of the spin dephasing: For configuration (i), 
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when the REMF is parallel to the AMF, i.e. 9 = 0, A 
does not depend on the AMF. Therefore the AMF does 
not reduce the inhomogeneous broadening. As a conse- 
quence, the spin dephasing is insensitive to the magnetic 
field. Nonetheless when the REMF is perpendicular to 
the AMF, that is 9 = 90°, A reduces with the AMF. 
Consequently, the inhomogeneous broadening, thus the 
spin dephasing, is reduced by the AMF. For configura- 
tion (ii), the REMF is perpendicular to the AMF for all 
directions of the electric field. Therefore A, the inhomo- 
geneous broadening of the Larmor precession frequency, 
is independent of the DOEF and its value is the same 
to the corresponding one in configuration (i) when the 
9 = 90°. As a result, the SDT in configuration (ii) does 
not change with 9 and its value equals the corresponding 
value in configuration (i) when 9 is 90°. 

The nonlinear property in t-9 curve of configuration (i) 
can also be understood from the inhomogeneous broad- 
ening: When the AMF is much larger than the REMF, 
A is expected to be 



{{a Ekf) cos 2 6 + 



1 



■{((a Ek) 4 



4( 5MB S)2 

x [1 - 6 cos 2 9 + 5 cos 4 9] - {(a Ek) 2 } 2 sin 4 9). (9) 

As the second term is very small, 1/A changes with 9 
according to 1 / cos 9 except in the regime where 9 is very 
close to 90°. Consequently, the spin dephasing changes 
slowly with 9 when 9 is smaller than 60° and then gets a 
rapid increase after 60°. 

In conclusion we have performed a kinetic study of the 
spin dephasing in InAs QW. We find that under a mod- 
erate magnetic field, the SDT in some configuration de- 
pends on the DOEF; while in the other configuration, it 
does not change with the DOEF. Therefore, for the right 
configuration, the spin dephasing can be tuned through 
changing the direction of the interface electric field in ad- 
dition to the magnitude of the electric field. Moreover, we 
define a quality that well represents spin dephasing due to 
the inhomogeneous broadening of the Rashba term and 
show that the spin dephasing in the system we study is 
determined by the inhomogeneous broadening. 
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